We present a supersymmetric model of leptogenesis in which the right-handed neutrinos have weak scale masses and O(10 −2 -10 −3 ) yukawa couplings. The model employs an R-symmetry at the weak scale that forces neutrino masses to be proportional to the gravitino mass. We predict that the lightest right-handed neutrino decays to a displaced Higgs and neutrino and that the NLSP is long-lived on collider scales. These could be striking signatures at the LHC if, for instance, the right-handed neutrino is produced in a cascade decay.
INTRODUCTION
The dynamics that generate the observed baryon density remain an unresolved problem. A number of models have been developed that address the baryon asymmetry, among which leptogenesis [1] stands out for its economy and simplicity. In the simplest version, right-handed neutrinos with a large (∼ 10 12 GeV) Majorana mass generate the scale of neutrino masses via the Seesaw mechanism [2] and have CP violating decays which result in a lepton asymmetry. Despite their simplicity, such dynamics have little hope of ever being observed.
In this letter we argue that leptogenesis with weak scale right-handed neutrinos [3] [4] [5] can be achieved if Supersymmetry (SUSY) breaking is mediated in an Rsymmetric fashion. Tying together R-symmetric SUSY breaking and weak scale leptogenesis leads to a number of predictions. First, the neutrino masses are controlled by the gravitino mass. Second, successful leptogenesis predicts that the decays of the lighest right-handed neutrino produce a displaced Higgs and neutrino. This is a rather novel signature. Third, the NLSP is long-lived on collider scales. Together these lead to an intriguing connection between SUSY breaking, Electroweak Symmetry Breaking (EWSB) and neutrino masses, while providing a unique LHC signature in events with a right-handed neutrino.
Turning an eye toward model building, we have two more interesting observations. First, the R-symmetry allows the hypothesized dimensionless couplings in the low energy theory to be O(10 −2 -10 −3 ), avoiding the more serious tunings that often appear in other attempts to model weak scale leptogenesis. Second, since the dynamics of leptogenesis are at the weak scale, the gravitino problem [6] that plagues SUSY models with high scale right-handed neutrinos is easily avoided.
MODEL
Our model is based on three hypotheses. First, we take the superpotential to be that of the MRSSM [7] extended to include right-handed neutrinos
The fields R u,d are weak doublets with hypercharge opposite the corresponding MSSM Higgs and N j are three generations of right-handed neutrinos. The right-handed neutrino mass term is consistent with a Z R 4 R-symmetry [8] ; charge assignments are shown in Table I . Our second assumption is that D and F term SUSY breaking occur at a common scale. Finally, we assume that the dominant R-violation from SUSY breaking is the irreducible contribution from Supergravity (SUGRA)
where Φ = 1 + m 3/2 θ 2 is the conformal compensator [9] . After EWSB, our assumptions lead to vevs for the scalars r
We see that the irreducible R-violation induced by SUGRA puts the r's at vevs proportional to m 3/2 . Consequently, the left-handed neutrinos have Majorana masses controlled by m 2 3/2 /M N . We note, in passing, that if one enforces an exact U (1) R the Majorana masses in Eq. (1) are forbidden. In this case the neutrinos are Dirac and m ν ∝ m 3/2 . This is an interesting possibility which would imply low scale SUSY breaking [10] .
Our hypotheses necessitate Dirac masses for the gauginos [11] . We remain agnostic concerning the UV origin arXiv:1111.0008v1 [hep-ph] 31 Oct 2011 of these masses, parameterizing them as
where θ α D a is D-type spurion with R-charge +1 and the index i runs over the SM gauge groups. The Φ i are adjoint chiral superfields whose fermionic components ψ i marry the gauginos through Dirac mass terms [12] [13] [14] .
We note that the µ terms in Eq. (1) need not be explicit. Rather, they can be generated by the GiudiceMasiero mechanism [15] if we assume the existence of an additional Z 2 symmetry, as in Table I [16] . These charge assignments allow the following operators up to dim 6
For c 1 , c 2 , c 3 of O(1) and
Conversely, given the field content in Table I M N cannot be generated in an analogous manner. In this sense M N is a free parameter, though as we shall see, successful leptogenesis requires M N ∼ < O(TeV). It would be interesting to dynamically explain this scale [17] .
LEPTOGENESIS, NEUTRINO MASSES AND R-SYMMETRY
We briefly review the salient features of leptogenesis; see Ref. [18] for a thorough review. Ultimately the aim of leptogenesis is to explain the baryon asymmetry
where n b , nb are the number densities of baryons and anti-baryons respectively, s is the entropy density and Y ∆b is referred to as the baryon asymmetry yield. In the early universe an asymmetry in lepton number can be converted to an asymmetry in baryon number by sphaleron processes. Schematically we have
where Y ∆l is defined in analogy to Y ∆b and typically 1/2 ∼ > C sph ∼ > 1/4. A non-zero Y ∆l can be generated if the Sakharov conditions (lepton number violation, CP violation and out of equilibrium dynamics) [19] are satisfied. The lepton asymmetry yield can be parameterized by the degree of CP violation and the efficiency of out of equilibrium dynamics η:
where g * is the number degrees of freedom in equilibrium, typically O(100), and k is an O(1) factor. Note that by definition , η < 1. We now turn our attention to the interplay between neutrino masses and Y ∆l in the model presented above. Left-handed neutrino masses are obtained from Eq. (1) by integrating out the right-handed Majorana neutrinos:
in the basis that diagonalizes M ij . As a direct consequence of the R-symmetry, Eq's. (3) and (9) imply that m ν ∝ m The degree of CP violation is governed by the parameter
where h is the physical Higgs [20] . Interference between tree and one loop diagrams, examples of which are shown in Figures 1a and 1b, generate :
This is an adequate approximation for our purposes if M N2,3 > 3M N1 and we take this to be the case in what follows. The scaling of is more obvious if we make the simplifying assumption y Nij ≈ y Ni (i.e. entries along a particular row are comparable) 
The top row illustrates the diagrams contributing to . The bottom shows some of the diagrams that contribute to washout and suppress η.
simultaneously determines the neutrino masses and the magnitude of CP violation. We now estimate the efficiency η of the out of equilibrium dynamics. Our goal in this letter is not to map the entire parameter space of viable leptogenesis, but to show that such a parameter space exists and that it is sizable. To this end we work in the "weak-washout" regime, η of O(1). This regime applies if N 1 decays out of equilibrium and the rates for all other lepton number violating processes (such as inverse decay and 2 → 2 scattering) are small compared to the Hubble rate. In this approximation the asymmetry is set by . While successful leptogenesis may occur outside of the weak-washout regime -due to a delicate interplay between the dynamics contributing to and η -this simplifying assumption is sufficient for our goal and in what follows we determine the parameter space that satisfies η of O(1).
The out of equilibrium condition requires that the decay rate of N 1 is less than the Hubble rate at temperatures near M N1 ,
It is generically difficult to achieve this for a weak scale mass because it implies that the width is many orders of magnitude smaller than the mass, Γ N1 /M N1 ∼ < 10 −12 (M N1 /300 GeV). However, our model naturally suppresses processes that violate the R-symmetry. In fact, the width N 1 is protected by the R-symmetry if it is lighter than the scalar r 0 d . In this case, it decays through the R-violating channel N 1 → νh, where h is the physical Higgs. As with neutrino masses and the magnitude of CP violation, the scale of R-violation sets this decay rate:
where the second expression follows directly from the tadpole equation for r 0 d , Eq. (3). The time scale in Eq. (13) suggests that N 1 decays are displaced on collider scales. We revisit this point in the next section.
Lepton number violating processes, such as those illustrated in Fig. 1c and Fig. 1d , can also washout the asymmetry, suppressing η. However, if all scalars are heavy except for a light Higgs, then the washout processes decouple because their rates are Boltzmann suppressed. Assuming that the left handed sleptons and r 0 d are heavy with common massM , we can estimate the ratioM /M N necessary to suppress washout. In analogy to Eq. (13), the washout rate must be less than the Hubble rate. The rate for non-relativistic scalar scattering with a relativistic fermion is [21] 
where α y = y 2 /(4π). To determine the lepton asymmetry yield we solve the following Boltzmann equatioṅ
where we have defineḋ
Figure 2 plots solutions to Eq. (16) where we assume maximal CP violation in Eq. (11), fix v h d = v/10 (tan β = 10) and enforce Eq. (13) . We also plot contours of constant r 0 d andM /M N1 , while omitting the regionM /M N1 < 3 since our approximation in Eq. (15) is not valid in this regime. The plot illustrates that, even with our simplifying assumptions, a sufficient asymmetry is generated in a large region of parameter space. The entire range in Fig. 2 allows a phenomenologically viable value Y ∆l ∼ 10 −10 by moving away from the assumption of maximal CP violation and η of O(1).
We note that there exists some viable parameter space in the regimeM ∼ < M N1 . In this case only the smallness of y N can prevent washout, which in turn implies smaller . We estimate the constraint on y N by using the relativistic form of the rate in Eq. (15) and by requiring it to be less than the Hubble rate at
where the bound follows from Eq. (11).
Since there exist viable solutions in both regimes, we conclude that the interpolating regime of moderate yukawa couplings and comparable masses offers the possibility that the yukawa couplings and the mass ratio need not be tuned against each other to the extent in our simple estimates. We leave a more detailed exploration of this regime for later work.
A DISPLACED HIGGS AT THE LHC?
A spectrum that is consistent with our assumptions is heavy gauginos and scalar superpartnersM ∼ TeV, moderate right-handed neutrinos and higgsinos M N1 ∼ µ u,d and a light Higgs. In this regime the lightest righthanded neutrino decays to the Higgs and a neutrino. The out of equilibrium condition in Eq. (13) sets the lifetime of the lightest right-handed neutrino. Intriguingly, this condition necessitates that N 1 → νh is a displaced decay. This follows from demanding that N 1 has a weak scale mass and that it decays before the sphaleron processes turn off at T ∼ 100 GeV. The lifetime of N 1 is then in the range
This lifetime is comparable to those of B and D mesons if M N1 ∼ < TeV. ATLAS, CMS, and LHCb all have the ability to resolve decays on this time scale. Therefore, our model has the striking possibility of being observed via displaced Higgs events.
We note that although the direct production cross section of N 1 is vanishingly small at the LHC, in the spectrum noted above the sneutrino width can be dominated Finally, we draw attention to the fact that successful leptogenesis puts the gravitino mass at O(1 MeV). Therefore the NLSP, χ, is long-lived on collider scales:
. (20) where we have neglected phase space suppression. The NLSP must then appear either as missing energy, a CHAMP [22] , or an R-hadron [23] . This gives us an additional distinctive collider signature accompanying the prediction of a displaced Higgs. We intend to explore these possibilities in future work.
A NOTE ON DIRAC GAUGINOS
For the sake of completeness, we recall a few wellknown complications to the minimal Dirac gaugino story and simple extensions that address them. The hypercharge adjoint Φ Y , which gives mass to the Bino, is a complete SM and Z R 4 singlet. As such, our effective theory should contain terms like
If Φ Y receives a soft massm 2 soft , then the tadpole above pushes Φ Y to a vev on the order of
This cutoff scale vev introduces a D-term for hypercharge of order D via Eq. (4). Also, because Φ Y is an Rsymmetry singlet, its vev introduces cutoff size corrections to µ u,d . Both of these effects can spoil EWSB. Furthermore, singlet couplings to the supergravity multiplet generically reintroduce quadratic divergences and destabilize the hierarchy [24] . There are a number of UV solutions to these problems compatible with our low energy phenomenology: Ref. [12] utilizes an unbroken discrete symmetry, Ref. [14] exploits a clever set of couplings between the messenger fields and the adjoints and Ref. [25] forbids these terms by embedding the theory into SU (5).
DISCUSSION
We have presented a model of leptogenesis which is connected to the physics of the weak scale through SUSY breaking and R-symmetry. The dynamics of neutrino masses and leptogenesis are both controlled by the scale of R-violation in the low energy theory. The model ties the neutrino mass scale to the gravitino mass, which in conjunction with demanding a large enough lepton asymmetry, predicts m 3/2 of O(MeV). Furthermore, there are striking LHC signatures: cascade decays through the lightest right-handed neutrino terminate with a displaced Higgs and the NLSP is long-lived on collider scales. Finally, the gravitino problem is avoided because all of the interesting visible sector dynamics are at the weak scale which allows for reheating temperatures of O(TeV).
Of course, nothing is free, and our dynamics rely on R-symmetric mediation of SUSY breaking. This introduces hurdles to, for example, unification. However, we find the interplay of supersymmetry breaking, neutrino masses and the potential observability of leptogenesis dynamics at the LHC a tantalizing possibility. There are a number of directions for further study including a refined numerical study of the dependence of the asymmetry on the spectrum of soft masses, a dedicated study of the collider phenomenology, and more detailed considerations of UV model building. We intend to pursue these topics in future publications.
